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Abstract—Microfluidic is used to separate, transport and 
manipulate particles through a micro-scale device. This paper 
presents the numerical simulation of interdigitated electrodes 
that is commonly used for continuous particle separation using 
electrical separation microfluidic device which demonstrates 
dielectrophoretic (DEP) force. The strength of DEP force 
depends on the gradient of electric field generated by the 
electrodes. Besides, the effect of Joule heating generated by the 
electrodes would harm the living particles. The interdigitated 
electrodes arrays are simulated using COMSOL Multiphysics 
3.5. The gradient of electric field distribution and temperature 
generated are simulated for different width and gap of the 
electrode. The simulation results are analysed and discussed to 
determine the best electrode dimension to be fabricated for 
bio-particles separation application. The optimum 
interdigitated electrode dimension identified in this research 
was 60µm:180µm (width:gap) that generate 1.92x1016 V2m-3 of 
electric field gradient and temperature of 68°C on the electrode 
surface, and electric field gradient of 1.83x1013 V2m-3  and 
temperature about 40°C when 80µm above the electrode with 
the conductivity of the fluid is 1.09 S/m (mimic blood 
conductivity).  
 





Microfluidics has become one of the interesting 
investigations in this era since it has shown rapid advances 
in developing it [1]. Microfluidic is a device that can 
transport and manipulate small (micro- and smaller) 
particles through a small dimension of channels [2]. This 
device is not a new science but it is currently developing to 
become more modern technology. Microfluidics is a lab-on 
a chip device which is fabricated by Micro-Electro-
Mechanical Systems (MEMS) technology. Numerous tasks 
can be done using this small chip, such as mixing, 
separating, driving fluids, and analysing and detecting 
molecules [3]. One of the application of microfluidic is to 
separate micro particles which is essential in the biomedical 
field particularly in diagnosing and analysing disease [4], 
[5]. There is a need of this technology in the medical field so 
that if a particle can be diagnosed, for example cancer cells, 
it can be treated at the early stage. 
Different kinds of separation techniques have been 
developed recently [4], such as optical separation [6], 
magnetic separation [7], electrical separation [8], fluidic-
only separation [9] and other separation which are, thermal 
fractionation [10] and acoustic fractionation [11]. This paper 
focuses more on electrical separation that demonstrates 
dielectrophoretic (DEP) forces acting on a planar 
microelectrode. There are two types of microelectrode 
design to manipulate microparticles, namely 2-Dimensional 
(2D) and 3-Dimensional (3D) microelectrode. Most 
microfluidic devices are employing 3D microelectrodes due 
to well distributed electric field [12].  Nevertheless, 3D is 
hard to fabricate compared to 2D planar electrodes. Metal 
electroplating technique can be used, but it requires a high 
aspect ratio and the procedures are complicated [13]. 
Whenever there is an electrical current flow through a 
conductive media, heat is generated known as Joule heating. 
It is also known as resistive heating where it is a volumetric 
heating which give rise to an electrothermal flow (ETF) 
[14]. ETF is a common occurrence in electrohydrodynamics, 
caused by electrothermal forces acting upon a fluid with the 
presence of electrical conductivity and permittivity in an 
electrolyte solution [15]. According to Yan et al. [16], the 
heat produced by the conductive media is directly 
proportional to the square of electric field distribution. This 
paper presents the analysis of electric field gradient 
distribution and electrothermal generated by the different 
ratio of interdigitated electrodes. The simulation software 
used in this research is COMSOL Multiphysics 3.5. From 
the simulation, the optimum dimension of the interdigitated 
electrode is identified to be used for trapping particles using 
dielectrophoresis technique. 
 
II. LITERATURE REVIEW 
 
A. Dielectrophoretic Force 
Dielectrophoresis is a term introduced by Pohl in 1960 
which describes the motion of microscopic sized particle 
produced by the net body force based on the electrical 
polarizability [1]. In other words, DEP refers to the 
interaction between the motion of a particle and a non-
uniform electric field applied to it [17-19]. DEP is one of the 
most chosen methods to separate and manipulate particles 
rather than other separation techniques [17] because it does 
not require fluorescent, luminescent or radioactive probes as 
markers and labels to study the behaviour of a particle [18]. 
The time-averaged force acting on the particle with radius 
r in AC electric field is calculated using Equation (1) [17-
22]; 
 
FDEP = 2πr3Re[K]εm∇E2                        (1) 
 
where εm is the permittivity of the surrounding medium, ∇E2 
represents the gradient of the square electric field which is 
defined as:  
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and Re[K] is the real part of Clausius-Mossotti factor. [K] is 
defined as: 
 
  [K] =                            (3) 
 
where εparticle* is the complex permittivity of the particle and 
εm* is the complex permittivity of the medium. The factor 
Re[K] is either in negative or positive value [23]. It is said 
that when the particle is less polarizable than the 
surrounding medium (Re[K]<0), negative DEP (nDEP) 
takes place [17,19]. In contrary, when particle is more 
polarizable than the surrounding medium (Re[K]>0), 
positive DEP (pDEP) pulls the particle towards the 
electrodes. 
 
B. Thermal effects 
Joule heating affects the temperature whenever there is an 
electric field produce by the electrodes [24]. The materials 
parameters that affect changes of temperature are 
conductivity, permittivity, density and viscosity of the 
medium, and diffusion coefficient of particles [15, 25]. The 
following Laplace equation is used to solve the electric field 
[15]; 
 
                                        (4) 
 
where V is the root mean square voltage and the resultant 
electric field is  
 
                                          (5) 
 
Then, Equation (6) is used to solve the energy conservation 
equation which is expressed as [25] 
 
                (6) 
 
where ρ is the density, cp represents the specific heat, T is 
the temperature, u is the velocity, k is the thermal 
conductivity of the fluid, σ represent the electrical 
conductivity of the fluid. The term < σE2 > denotes the time 
averaged Joule heating [26].   
Based on Boika and Baranski, strong electric field does 
not only affect electrothermal convection but also increases 
the dielectrophoretic force which can be analysed more [27]. 
Ramos et al. stated that low conductivity solutions produce a 
little rise of temperature which can be neglected, for 
example the conductivity of 0.01 S/m with applied potential 
of 10V give a temperature rise of 1° [28]. The increase of 
nonuniform electric field and electrothermal generated is 
caused by the geometry of the electrodes [29]. Warmt et al. 
found out that an increase in temperature would affect the 
cell in terms of shape and structural change [30]. Warmt et 
al. claimed that thermal heating would significantly affect 
the cell nuclei where the DNA double strand starts to melt at 
70°C while the cell shape starts to change between 42 to 
48°C. At 50°C the cell starts to undergo cell death but the 
nuclei structure is still maintained. However, at 54°C, the 




The method used in this research is a numerical 
simulation. The Finite Element Modelling software used to 
simulate the performance of planar microelectrodes is 
COMSOL Multiphysics 3.5. First simulation is to determine 
which electrode ratio (width:gap) produces the optimum 
electric field distribution while the second simulation is to 
determine which ratio generates lower temperature that is 
suitable to be used in a microfluidic device to trap cells.  
 
A. Electric Field Distribution Simulation 
The simulation is performed to observe which dimensions 
generate better electric field. Multiphysics Electrostatic 
(emes) and Conductive Media DC (emdc) are chosen for the 
simulation. Figure 1 illustrates the microfluidic channel with 
interdigitated electrode arrays. The boundary of the electrode 
is set to 10V and -10V as shown in Figure 2. Only two 
electrodes in half width and a gap are simulated due to 
symmetrical of the electrodes. The height of the microfluidic 
channel is set to be 100µm and the typical thickness of the 








The dimension of the electrode is drawn according to 1:1 
(width:gap) ratio, which means the width of the electrodes is 
similar with the gap between the electrodes. The dimensions 
are varied from 20µm:20µm to 40µm:40µm, 60µm:60µm, 
80µm:80µm, and 100µm:100µm. From the ratio 1:1 results, 
the ratio that generates and penetrates high electric field is 
then varied to 1:2 and 1:3 (width:gap) ratio. The electric field 
distribution and temperature generated are recorded and 





Figure 2: Subdomain and boundary setting of geometry drawn in COMSOL 
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 Refine meshing is performed to subdivide the geometry 
into smaller domains called elements. As these elements are 
made smaller and smaller, the computed solution will 
approach the true solution. Finer meshing can produce a 
better result, but a larger storage is needed to store the 
solution. The result of the simulation is viewed by choosing 
the parameters in post-processing section. The gradient of 
electric field is viewed and plotted using Equation (2). 
 
B. Heat Transfer Simulation 
The simulation of heat transfer is similar to electric field 
distribution, but the multiphysics chosen are General Heat 
Transfer (htgh) and Conductive Media DC (emdc). The 
electrode dimension is similar to the electric field 
simulation. 
Based on Liu et al. [26], the temperature reference value 
T0 is set to 300.15K or 26.85°C. The boundaries for the 
upper and lower microfluidic device are defined to be 
natural horizontal plane while both side boundaries are 
defined to be natural vertical wall as shown in Figure 3. The 
boundary of the copper electrode is set to be temperature at 
26.85°C. In this simulation, the conductivity of the fluid (σ) 
is set to 0.0575 S/m [31].  
Once the domains and boundaries of the electrodes are 
defined, fine meshing is performed and the temperature is 
computed using Equation (6). Then, the conductivity is 
changed to 1.09 S/m that mimic conductivity of blood [32]. 
The simulation is repeated for a different ratio of electrodes 






Figure 3: Subdomain and boundary setting of geometry drawn in COMSOL 




IV. RESULTS AND DISCUSSION 
 
Two sets of results are presented. The first set of results 
showed a similar ratio of electrodes width:gap produced 
gradient of electric field distribution. The second set of 
results identified different ratio of electrodes width:gap 
generated the heat within the microfluidic channel.  
 
A. Gradient of Electric Field Distribution 
The dimensions described in the methodology were 
simulated to observe which dimension of interdigitated 
electrodes generate the highest electric field gradient. Figure 
4 shows the graph of the electric field gradient distribution 
with different electrode width:gap dimension. The electric 
field gradient was measured on the surface of the electrode 
and followed by 20µm, 40µm, 60µm and 80µm above the 
electrode.  Based on the result, the electrode with the gap 
and width of 20µm generates a higher electric field gradient 
due to closer electric field lines, but produce rapidly drop in 
electric field when it is further from the electrode. The other 
dimensions generate lower electric field gradient at the 
surface of the electrode but higher electric field gradient 
when it is 80µm above the electrode as compared to 
20µm:20µm. For dimensions of 60µm:60µm, 80µm:80µm 
and 100µm:100µm, the electric field gradient is 
considerably high with value ranging from 3.37x1013 to 
3.90x1013 V2m-3 at 80µm above the electrode. The field 
gradient at the electrode surface of 60µm:60µm has higher 
strength as compared to 80µm:80µm and 100µm:100µm. 
Based on these comparison, the optimum dimension for 1:1 
(width:gap) electrode ratio is 60µm:60µm  due to high 
electric field gradient generated at the surface of the 
electrode and able to penetrate 80µm away from electrode 
surface. The simulation was continued by simulating the 
electrodes ratio of 1:2 and 1:3 (width:gap) using electrodes 
width of 60µm, and the electric field gradient distribution 










From Figure 5, it can be observed that the gradient of 
electric field distribution for 60µm:60µm is higher than 
60µm:120µm and 60µm:180µm due to the smaller gap 
between two electrodes. Figure 6 shows the result of electric 
field distribution for electrode with the width of 60µm and 
the gap of 180µm. The colour bar indicates the level of the 
electric field which red colour indicates the highest electric 
field generated while the blue indicates the lowest electric 
field generated and the arrow shows the direction of the 
electric field. Also, it can be seen that the edge of the 
electrode has the highest value of electric field gradient 
because sharp edges has small area which produce large 
charge density and electric field distribution. 
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B. Heat Transfer of electrode 
As stated in the methodology, the same dimensions of 
interdigitated electrodes were simulated with the medium 
conductivity of 0.0575 S/m. The temperature was measured 
on the surface of the electrode and followed by 10µm, 
20µm, 30µm, 40µm, 50µm, 60µm, 70µm, 80µm and 90µm 
above the electrode. The temperature obtained is plotted and 
shown in Figure 7. It can be observed that the electrode 
geometry of 100µm:100µm generates the lowest 
temperature while the geometry of 20µm:20µm generates 
the highest temperature. The closer the gap, the higher the 
heat generated. By increasing the electrode dimension, the 
temperature generated decreasing. It can be said that the 





Figure 7: Temperature generated for 1:1 (width:gap) electrode ratio with σ 




The electrode dimension 60µm:60µm was chosen to vary 
the gap since it penetrated higher electric field gradient even 
at 80µm above the electrode. The same method was 
repeated to observe which dimension generates lower 
temperature by simulating the electrode width:gap ratio 1:2 
and 1:3. The temperature obtained is plotted and shown in 
Figure 8. It was observed that dimension 60µm:180µm 










C. Optimization of interdigitated electrodes 
Based on the electric field gradient simulation (Figure 4), 
dimension 20µm:20µm generated higher electric field on the 
electrode surface, but lower electric field when it is further 
from the electrode. Increasing dimension could generate 
slightly lower electric field, but better electric field gradient 
penetration. Electrode dimension 60µm:60µm, 80µm:80µm 
and 100µm:100µm produced higher electric field gradient at 
80µm above electrodes. However, among these three, 
electrode dimensions 60µm:60µm generated highest electric 
field on the electrode surface and almost similar strength at 
80µm above electrodes. 
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For heat transfer, increasing conductivity of medium 
could cause temperature increases. Based on Figure 8, the 
temperature generated on the electrode surface is 98°C when 
electrode dimension is 60µm:60µm. When the gap was 
increased to 120µm and 180µm, the temperature on the 
electrode surface decreased to 81.5°C and 68°C 
respectively. Therefore, the electrode dimension ratio 1:3 
was chosen to be the acceptable ratio because it generates 
considerably lower temperature than ratio 1:1 and 1:2. 
Moreover, the electrode ratio 1:3 generated better electric 




The electric field gradient distribution and the temperature 
generated by the interdigitated electrodes with different 
dimension and ratio were numerically simulated and 
analysed. It can be concluded that the closer the gaps, the 
higher the electric field and temperature generated by the 
electrodes. The electric field and temperature decrease when 
it is further from electrode surface. As for temperature 
generation, the higher the electrolyte conductivity, the 
higher the temperature generated by the interdigitated 
electrodes. When the conductivity of the medium was 
changed from = 0.0575 S/m to 1.09 S/m, the temperature 
above the electrode increased up to 70% for 1:1 (width:gap) 
electrode ratio. The electrode dimension of 60µm:180µm 
was chosen to be the optimum ratio for particle trapping 
because it generates considerably high electric field about 
1.92x1013 V2m-3 at 80µm from the electrode surface. The 
higher electric field is needed so it can push or attract 
particles acting on the electrode during the particle 
separation and low temperature generated is important so 
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